Abstract The objective of this study is to investigate the potential impact of future climate change on ozone air quality in Europe. To provide a full assessment, simulations with the global chemical transport model GEOS-CHEM driven by the NASA Goddard Institute for Space Studies general circulation model (NASA/GISS GCM) are conducted. To isolate the effects from changes in climate and anthropogenic emissions four types of simulations are performed: (1) present-day climate and emissions (2) future climate following the IPCC Special Report on Emission Scenarios (SRES) A1B scenario and present-day anthropogenic emissions of ozone precursors (3) present-day climate and future emissions and (4) future climate and future emissions. Results indicate that climate change impact on its own leads to an increase of less than 3 ppb in western and central Europe whereas decreases are evident for the rest of the areas with the highest (about 2.5 ppb) in southeastern Europe (Italy, Greece). Increases are attributed to the increases of isoprene biogenic emissions due to increasing temperatures whereas decreases are associated with the increase of water vapor over sea which tends to decrease the lifetime of ozone as well as the increased wind speeds in the 2050 climate. When future emissions are implemented in the future climate simulations, the greatest increases are seen in the southwest and southeast Mediterranean (about 16 ppb) due to the increased isoprene biogenic emissions under higher levels of NO x in the model. Decreases up to 2 ppb of ozone are shown for France, Switzerland, Northern Italy and northern Europe.
Introduction
Climate change impact on ozone air-quality is an area of research that has evolved over the last decade based on the assumption that air quality is strongly dependent on weather systems and is therefore sensitive to climate change. Changes in climate affect air quality through alteration in air pollution meteorology (Rind et al. 2001; Mickley et al. 2004; Leung and Gustafson 2005; Wu et al. 2008 ) affecting ventilation rates, precipitation scavenging, dry deposition, chemical production and loss rates, natural emissions and background concentrations. Moreover, high concentrations of ozone affect human health (Bell et al. 2007; Selin et al. 2009 ) and therefore considerable responsibility is placed on scientists to accurately predict ozone pollution levels so that the adverse health effects of air pollution can be minimized.
A number of studies have recently been published focusing over areas with increased anthropogenic activities using global and/or regional climate-chemical 3D modeling systems (Jacob and Winner 2009 and references therein; Katragkou et al. 2011 and references therein) . Regarding Europe, a wide range of results exists in literature regarding the regional patterns of future ozone, associated with the modeling systems used, the time slices investigated as well as the quality of climatic data that drove the simulations (Langner et al. 2005; Knoche 2006, 2007; Meleux et al. 2007; Giorgi and Meleux 2007; Hedegaard et al. 2008; Andersson and Engardt 2010; Katragkou et al. 2011; Langner et al. 2012) . The majority of the aforementioned studies were conducted in an off-line mode using either constant initial and boundary conditions with no seasonal variation (Katragkou et al. 2011) or prescribed monthly climatologies from global or hemispheric chemical transport models (Langner et al. 2012) . Regarding their results, ozone behavior under climate change has been found to be affected by changes in temperature, solar radiation, biogenic emissions, cloudiness and precipitation, snow cover, dry deposition as well as changes in circulation patterns (Katragkou et al. 2011 and references therein). In particular, ozone summer increases in Southern, Central and North West Europe were attributed to a combination of increases in temperature, biogenic emissions solar radiation and dry deposition as well as to decreases in cloudiness and precipitation which reduces the wet deposition of ozone. On the contrary, decreases in the ozone concentrations mostly found in the northern European regions were attributed to decreased snow cover which enhances ozone dry deposition, decreased solar radiation as well as increases in cloudiness and precipitation. All the above studies examined changes in ozone induced solely by changes in climate, which effectively means that present and future simulations were conducted using present-day emissions.
The objective of this study is to investigate the impact of future climate change on ozone airquality in Europe using the Goddard Institute for Space Studies (GISS)/GEOS-CHEM global climatechemistry model. In order to provide a full assessment of the future ozone concentration, apart from examining the climate change impact on its own, simulations with future anthropogenic emissions estimates derived from A1B (Nakicenovic and Swart 2000) scenario are also conducted. By including simulations with future anthropogenic emissions estimates we extend the analysis of the changes of future ozone concentrations. Before presenting the results of the impacts of climate change on ozone an evaluation of the GISS/GEOS-CHEM modeling system is also presented.
Simulations, Data Sources and Methods

The GISS/GEOS-CHEM Global Modeling System
The GEOS-CHEM is a 3-D chemical transport model developed by the Atmospheric Chemistry Modeling Group of Harvard University (http:// acmg.seas.harvard.edu/) which has been used for various studies in the troposphere including Europe (Duncan and Bey 2004; Auvray and Bey 2005; Guerova and Jones 2007; Protonotariou et al. 2010) . The GEOS-Chem (version 8-03-01) includes a fully coupled treatment of tropospheric ozone-NO x -VOC chemistry and aerosols. In this study, GEOS-CHEM is coupled in an off-line mode to the NASA/GISS III general circulation model (GCM) (Rind et al. 2001 ) and used to investigate ozone air quality in Europe under present and future climate. In the current study, the GEOS-CHEM simulations are driven by 6-h meteorological data averages such as wind, convective mass flux, temperature, humidity, cloud optical depths, and cloud fraction, 3-h average data of mixing depth and surface variables such as precipitation, wind, temperature, albedo and solar radiation (Wu et al. 2007 (Wu et al. , 2008 . The horizontal resolution is 4°×5°with 23 vertical levels extending up to 0.02 hPa. Although global models are useful tools to predict long term climate and air quality trends, their coarse resolution is a limiting factor in resolving phenomena relevant to air quality at small scales such as meteorology features at areas with complex terrain (Jacob and Winner 2009) .
For the purposes of this study four scenario simulations are performed: (a) present-day climate and presentday emissions (hereafter SCEN_1), (b) future climate following the IPCC Special Report on Emission Scenarios (SRES) A1B scenario (Nakicenovic and Swart 2000) and present-day anthropogenic emissions of ozone precursors (hereafter SCEN_2), (c) presentday climate and future emissions (hereafter SCEN_3) and (d) future climate and emissions (hereafter SCEN_4). The base year anthropogenic emissions inventory is 2000 while for the future anthropogenic emissions growth factors based on the A1B scenario are applied on the present-day emissions as similar to Wu et al. (2008) . In particular, the growth factors are applied on different categories of the present-day anthropogenic emissions such as fossil fuel, biomass fuel and biomass burning and for different countries to provide estimates for the 2050 future anthropogenic emissions based on the results of the IMAGE (Integrated Model to Assess the Greenhouse Effect) socioeconomic model (Streets et al. 2004; Wu et al. 2008 ). Similar to Wu et al. (2008) biomass burning is the sum of forest fires, grassland fires, and infield crop burning.
The model's inventory also includes natural emissions of ozone precursors such as non-methane volatile organic compounds (NMVOCs) from vegetation and NO x from soil and lightning which are calculated within the model and are allowed to vary with the meteorological variables. NMVOCs vary only with temperature and solar radiation. In Table 1 , the European and the global emissions of anthropogenic and natural emissions of ozone precursors used in the current study are listed for both the present and the 2050s climate. An analytical description of the model is provided by Wu et al. (2008) .
The simulations performed here cover two 3-year time slices : 1999-2001 (2000) for the present-day climate and 2049-2051 (2050) for the future climate.
Surface Ozone Observations and Gridded Daily Maximum Temperatures
Hourly ozone concentrations data from non urban stations in Europe for the years 1999-2001 are retrieved from the EMEP program database (http:// www.nilu.no/projects/ccc/emepdata.html). In addition, stations are selected to be located at an elevation lower than 1000 m (due to poor representation of mountainous areas in the model; Vautard et al. 2009 ) and provide data for at least 18 h (75 %) within a day. Based on the aforementioned criteria 65 stations are analyzed. The locations of the stations are shown in Fig. 1 with the majority of the stations having available data for the aforementioned years located in Central and Northern Europe. For the purposes of this (2000) b NMVOCs include acetone, alkenes and alkanes For temperature, daily maximum surface temperatures are gathered from the E-OBS daily gridded dataset (Haylock et al. 2008) developed under the framework of the ENSEMBLES project (www.ensembles-eu.org). E-OBS is a high-resolution dataset derived from statistically interpolated ground based station data over Europe. In the current study, daily maximum temperatures for the grid point closest (horizontal resolution 0.22°×0.22°) to the ozone stations are used. As shown in Fig. 1 , the grid points chosen for our analysis are, in most of the cases, located very close to the ozone stations, whereas in some cases the center of the grid point coincides with the location of the ozone stations. It should be noted here that previous studies that have examined the behavior of the E-OBS daily maximum temperatures against other gridded interpolation products or observations in different European areas have yielded different results. In particular, Kyselý and Plavcová (2010) found that the E-OBS upper tail of summer daily maximum temperature is too cold when compared to a gridded dataset from a high density network of stations over two regions in the Czech Republic, whereas Hofstra et al. (2009) and Kostopoulou et al. (2012) found that the E-OBS satisfactory reproduces trends in extreme temperatures when compared against to a gridded dataset in the UK and station observations across the NE Mediterranean subregion, respectively. Nevertheless, caution is needed in areas of high elevation since interpolation degrades with increasing altitude (Hofstra et al. 2009; Kostopoulou et al. 2012 ). All results presented in this study are 3-year averages and are calculated over the warm period of the year (April 1-September 30, hereafter AMJJAS) where daily maximum ozone peaks and exceedances (Andersson and Engardt 2010; Varotsos et al. 2013 ) usually occur. 
Methods of Analysis
Evaluation of the GISS/GEOS-CHEM modeling system has been presented in two studies covering the U.S. (Wu et al. 2007 (Wu et al. , 2008 where the model's performance was compared against climatological ozonesonde data and GEOS-driven simulations (Wu et al. 2007 ) as well as observed ozone pollution episodes (Wu et al. 2008) . In this study, we follow the methodology introduced by Rasmussen et al. (2012) where a mechanistic approach to evaluate GCMs based on the ozone-temperature relationship was presented. This approach was based on the assumption that the strong correlation of ozone with temperature is associated with the intensity of surface air ventilation, since high temperatures occur under the presence of light winds, high levels of insolation and stagnant circulation conditions (Jacob et al. 1993 ). The variations of temperature (which are associated with ozone variations) encompass effects such as the thermal decomposition of PAN, temperature dependent biogenic emissions such as isoprene as well as the load of anthropogenic emissions (NO x and VOC) (Sillman and Samson 1995) that enhance local ozone production. To this aim, we compare the bivariate relationship within the model against the observed using two approaches. First, by utilizing the Pearson correlation coefficients (r) between the daily maximum 8-h average ozone concentrations and the daily maximum temperatures. Second, by taking the slope of the best fit line between the two variables (hereafter mO3-T) as defined from the reduced major axis (RMA) method. According to Rasmussen et al. (2012) , a fair representation between a modeling system and observations may be considered as a positive first step upon building confidence for the future models results. In particular, this method assumes that variables represented in both axes are subject to errors (Smith 2009; Rasmussen et al. 2012 ) in contrast to the ordinary least square method which assumes that the variable in the xaxis is measured without error. The mO3-T slope as derived from RMA is the ratio of the standard deviations of ozone and temperature, whereas the sign of the slope is obtained from the correlation coefficient. A positive slope indicates an ozone increase with an increase in temperature, whereas a negative slope indicates an ozone decrease with an increase in temperature.
Model Evaluation
In Fig. 2 , the correlation coefficients between the daily maximum 8-h average ozone concentrations and the daily maximum temperatures are presented for both the observations and the GISS/GEOS-CHEM modeling system. It is evident that higher correlation coefficients between the two variables are calculated in the modeling system when compared to the observed indicating the driving role of temperature in the ozone formation within the GISS/GEOS-CHEM modeling system. In particular, in Fig. 2a it is shown that the highest observed correlation coefficients (0.4-0.6) are evident for the majority of the grid squares covering central and south west Europe whereas anti-correlation between the two variables? (<0) is evident in the south easterly and north easterly grid boxes of the domain. Τhe results in each of these particular grid squares are obtained from only one ozone measuring station, therefore are subject to the quality of its data. In contrast, a more homogeneous spatial behavior of the correlation coefficients between the two variables is apparent for the modeling system. In Fig. 2b , it is clear that higher correlation coefficients (>0.5) are calculated for most of the regions of Europe with the highest (~0.9) evident in central, south east and south west Europe whereas even negative correlation coefficients are found in the northern areas of Europe. Regarding the slope of the two variables, the GISS/GEOS-CHEM reproduces quite well the positive mO3-T values in central and south west Europe indicating, however, lower values than the observed but with the deviations not exceeding 0.6 ppb°C −1 (Fig. 3a and b) . In the northern areas, both the east and the west, negative mO3-T values are evident for both the observations and the modeling system indicating that the increase in maximum temperature has no effect on the daily maximum 8-h average ozone concentrations and hence ozone levels are controlled by other factors such as snow cover. Furthermore, there are two grid squares covering the south east areas of the United Kingdom and the Benelux region where the GISS/GEOS-CHEM clearly overestimates the observed mO3-T values (in the range of 4 ppb°C −1 ) indicating a poor representation of the observed ozone-temperature relationship.
Climate Change and Meteorological Variables Affecting Ozone Levels
Previous modeling studies that have examined the sensitivity of ozone to meteorology (Jacob and Winner 2009 and references therein) as well as studies that have examined climate change impacts on ozone levels have associated changes in ozone with changes in various meteorological variables (Katragkou et al. 2011 and references therein). Among these variables temperature Fig. 3 The best-fit line slopes as derived from RMA for the April-September period for the a observations, after averaging over the stations located to a GISS/GEOS-CHEM grid square and b GISS/GEOS-CHEM has been found to have the strongest effect on ozone levels in all studies with the two variables exhibiting a high correlation coefficient due to the reasons mentioned in the previous section. In addition, other variables such as solar radiation, water vapor, mixing height, wind speed and direction and snow cover also play a role in ozone changes. However, their impact on ozone concentrations is not as straightforward as the impact of temperature (Jacob and Winner 2009) . Figure 4 shows the mean AMJJAS simulated changes between future and present-day climate for temperature, solar radiation, mixing height, relative humidity and wind speed. It should be noted here that only statistical significant changes at the 95 % level as derived by the bootstrap confidence intervals (Efron 1987; DiCiccio and Efron 1996) are plotted. Highest temperature changes are seen in the western areas of the European domain whereas smaller changes are shown for the eastern ones (Fig. 4a ). More specifically, temperatures increase by 2-2.5°in the west and southwest and by 1°i n the east. Moderate increases of about 1-1.5°are shown over Scandinavia, parts of central Europe as well as over southeastern Europe (Italy and Greece). Increases of solar radiation (Fig. 4b) in the northwest are accompanied by increases in regional mixing height (Fig. 4c ) whereas decreases are shown for both variables in eastern, northern and southern Europe. In addition changes in mixing height and relative humidity are spatially anti-correlated. Mixing height increases are apparent for the northwest (Great Britain) and northern Europe (Scandinavian region) (Fig. 4c) , whereas increases in relative humidity are shown for the central, southern and eastern Europe (Fig. 4d) . Regarding winds, the highest increases are shown for the central and south-east Europe (Fig. 4e) .
Changes in Ozone Concentrations
Changes due to Climate Change
In Fig. 5 , results for the average daily maximum 8-hr average ozone concentrations over the period of April-September under the present climate and present emissions (SCEN_1) as well as the changes between SCEN_2 and SCEN_1 are shown. It is evident that the impact of climate change on its own leads to an increase of less than 3 ppb in western and central Europe whereas decreases are also evident for most of the remaining areas with the highest (about 2.5 ppb) in southeastern Europe (Italy, Greece). The aforementioned increases are a combination of higher temperatures, solar radiation and mixing depths. In addition, ozone increases due to increases of isoprene biogenic emissions (Fig. 6 ) associated with the temperature increases as well as lower PAN stability (Jacob et al. 1993; Sillman and Samson 1995; Wu et al. 2008) . In contrast to the northwest, small decreases of ozone are apparent in the south west (Iberian Peninsula). These decreases are partly associated with the increases of isoprene emissions in the model under low NO x levels leading to sequestration of NO x as isoprene nitrates (Wu et al. 2007 (Wu et al. , 2008 , direct ozonolysis of isoprene (Fiore et al. 2005; Wu et al. 2008) , the increased winds projected for the 2050 climate (Fig. 4e) as well as with a small decrease in mixing height in the specific region (Fig. 4c) . Decreases of the same magnitude or slightly higher are evident for the northern parts of the study domain which may be attributed to decreases in snow cover leading to increases in the dry deposition of ozone (Andersson and Engardt 2010) as well as the decrease in solar radiation leading to weaker photochemical ozone production. Finally, the greatest decreases are shown in South east Europe associated with the increase of water vapor overseas which tend to decrease the lifetime of ozone (Johnson et al. 1999; Langner et al. 2012 ) as well as the increased wind speeds in the 2050 climate. Our results regarding northwest, central continental as well as northern Europe are comparable to those presented by Anderson and Endgart (2010) while results of the opposite sign are shown for southern Europe. In their study, they examined the changes for the period AprilSeptember (2021 AprilSeptember ( -2050 AprilSeptember ( versus 1961 AprilSeptember ( -1990 ) using the MATCH chemical transport model driven by the RCA3 regional climate model with the future simulation conducted under the A2 future emissions scenario. More specifically, they have shown an increase of about 2-4 ppb in the daily ozone maximum extending from north west and south west Europe to central and Southeast Europe (Italy, Greece), attributed to the enhanced isoprene biogenic emissions as well as to the decrease of ozone dry deposition. Note that the increase found in southern Europe is in contrast to our results and can be attributed to the different time slice examined (2071-2100) and the different future emissions scenario used in their simulations -A2 as opposed to the milder A1B emissions scenario used here. However, it should be noted here that Langner et al. (2012) examining ozone changes between the 2050 and present-day climate using the MATCH-RCA3 modeling system under the A1B future emissions scenario, as a member of a multi chemical transport model ensemble study, found that decreases over the Mediterranean Sea were collocated with increases of relative humidity. In accordance to our results, in both studies simulated decreases of about 1-2 ppb were found in the northern areas of Europe (Scandinavia).
Changes due to Climate Change and Future Emissions
When future emissions are implemented in the simulations, a different pattern in the changes of ozone concentrations is evident (Fig. 7b ) mainly due to the changes in the ozone precursor emissions (NO x , CO and NMVOCs, Jonson et al. 2006) . For instance, European anthropogenic NO x is estimated to increase under the A1B future emission scenario by 13 % (Table 1) , whereas CO and NMVOCs are expected to decrease by 33 % and 14 %, respectively (Table 1) in the aforementioned area has also been documented in a recent study (Beekmann and Vautard 2010) and is attributed to the ozone formation chemical regime.
According to this study, a uniform reduction of 30 % in NO x emissions causes increases in the daily ozone maximum concentrations (higher than 3 ppb) with the most pronounced changes being evident in the channel 
Conclusions
We performed a full assessment of the impacts of climate change on European ozone levels using simulations from the global chemical transport model GEOS-CHEM driven by meteorological variables from the GISS-GCM. To isolate the effects from changes in climate and anthropogenic emissions four types of simulations were performed: (1) present-day climate and emissions, (2) future climate following the IPCC SRES A1B scenario and present day anthropogenic emissions of ozone precursors, (3) present-day climate and future emissions and (4) future climate and emissions. We focused over the period 1 April-30 September where ozone production is at its peak and all results presented here are 3-year averages. We evaluated the GISS/GEOS-CHEM modeling system following the methodology introduced by Rasmussen et al. (2012) where a mechanistic approach to evaluate GCMs based on the ozone-temperature relationship was presented. To this aim, the bivariate relationship within the model against the observed was used utilizing: (a) the Pearson correlation coefficients (r) between the daily maximum 8-h average ozone concentrations and the daily maximum temperature and (b) the slope of the best fit line between the two variables (mO3-T) as defined from the RMA method. The comparison indicated a more homogeneous spatial behavior of the correlation coefficients between the two variables within the modeling system with higher correlation coefficients (>0.5) calculated for most of the regions in Europe. The highest correlation coefficients (~0.9) were evident in central, south east and south west Europe whereas negative ones were evident in the northern areas of Europe. Regarding the ozone-temperature relationship, the GISS/GEOS-CHEM reproduced quite well the positive mO3-T values in central and south west Europe indicating, however, lower values than those observed but with the deviations not exceeding 0.6 ppb°C −1 . Regarding climate change impacts, our results indicated that climate change impact on its own caused an increase of less than 3 ppb in western and central Europe whereas decreases were evident for the rest of the areas with the highest (about 2.5 ppb) in southeastern Europe (Italy, Greece). Increases were associated with increased isoprene biogenic emissions due to increased temperatures whereas the decreases were associated with the increase of water vapor over sea as well as increased wind speeds in the 2050 climate. Lower decreases in daily maximum ozone concentrations were also simulated in northern Europe attributed to increased dry deposition due to decreases in snow cover and reduced solar radiation in future climate. When future emissions were implemented in the simulations the greatest increases were simulated in continental Europe and in the south west and south east Mediterranean (easterly of Greece, about 16 ppb) due to the increased isoprene biogenic under higher levels of NO x in the model. Decreases up to 2 ppb of ozone were shown for France, Switzerland and Northern Italy attributed to the low levels of NO x and the increase in isoprene emissions. In addition, our simulation revealed that the increase in water vapor and wind speed over the South East Europe (area between Italy and Greece) limits the increase in ozone (by about 2 ppb) due to the increased projected NO x emissions. Finally, in northern Europe the reductions in snow cover and solar radiation were found to have a positive effect leading to ozone decreases of about 2 ppb.
